The transfer of the F conjugative plasmid requires the gene products encoded by the 33-kb F transfer (tra) operon. The products of these tra genes function in the many aspects of conjugal transfer, including the synthesis and assembly of the F pilus (for reviews, see references 11, 25, and 28). F pili are filamentous appendages which help to establish the physical contact between the donor and recipient cells required for the conjugation process. In addition, F pili serve as receptors for F-specific filamentous DNA bacteriophage and icosahedral RNA bacteriophage (2, 4, 20, 22) . Pili are up to 2 ,um in length and have diameters of 8 nm and axial holes of 2 nm. The pilus is thought to consist of a single subunit, pilin, which is the processed and modified product of traA. It is thought that mature pilin subunits reside in the inner membrane until assembled into an extended pilus structure. This hypothesis is supported by the observation that membrane-associated pilin subunits can interact with antipilin monoclonal antibody JEL 93 (23) , which recognizes the acetylated amino-terminal region of the mature F pilin molecule (5) . The products of traL, -E, -K, -B, -V, -C, -W, -U, -F, -G, and -H and trbC are implicated in this assembly process, for mutations in these genes result in the accumulation of mature pilin subunits in the inner membrane (11, 15, 28) . Cloning and sequence analysis of the tra region have revealed a number of open reading frames which have not been characterized by genetic analysis, suggesting that other tra gene products may also participate in the assembly process (6, 10, 11, 21) .
While the molecular weights and possible cellular locations of many of these assembly proteins are known (8, 28, 29) , little is understood about the assembly process itself. It is thought that the assembly proteins associate to form a membrane-spanning complex at the base of the pilus, where the pilin subunits are assembled into the mature pilus (11, 28) . An alternative proposal is that the pilin subunits are assembled at the tip of the pilus after having passed through the pilus lumen (25) . Although there is no evidence to definitively distinguish between these hypotheses, it would appear that some type of preliminary pilus structure is formed at the cell surface before the rest of the pilin subunits are assembled into the mature pilus structure (23) . This comes from the observation that bacterial strains containing an F plasmid harboring a specific traC mutation, traC1044, can be infected by the filamentous bacteriophage fl, which uses the tip of the pilus as a receptor. In addition, F'(traC1044) is able to form transient mating pairs with wild-type recipient bacteria.
TraC is a 99,066-Da protein of 875 amino acids, as deduced from the nucleotide sequence of traC (24) . The traC1O44 mutant allele contains an Arg-to-Cys substitution at amino acid 811. On the basis of the phenotype of this mutant, it would appear that TraC plays a major role in the assembly of the pilin subunits into an extended pilus filament. However, its location within the cell is unknown. Previous studies had suggested that the TraC protein was membrane associated (12, 16) (17, 18) were used to create gene fusions between traC and phoA in pKAS2. Strain VL584 containing pKAS2 was infected with ATnphoA and plated on TY plates containing ampicillin and 300 ,ug of kanamycin per ml. Plasmid DNA was isolated and transformed into strain CC118. Kanamycin-resistant transformants were replica plated on two nitrocellulose filters, with one incubated at 33°C and the other incubated at 42°C. The colonies were lysed on the filters (7) and probed for the presence of alkaline phosphatase by using antiserum to alkaline phosphatase, 25I-protein A (26) , and autoradiography. Plasmids containing traC-phoA fusions were isolated from colonies producing more anti-alkaline phosphatase material at 42 than at 30°C, since traC expression was controlled by the temperature-sensitive c1857 repressor in this plasmid construct. The position of the traC-phoA fusion was determined by nucleotide sequence analysis (3) .
Purification of TraC. Strain VL584 containing pKAS2 was grown in 1 liter of TY at 33°C to 2 x 108 cells per ml, the temperature was quickly shifted to 42°C, and incubation was continued for 2 h. The bacteria were harvested by centrifugation and resuspended in 80 ml of 10 mM Tris-HCl (pH 7.8) (Tris buffer)-20% sucrose (wt/wt) at 0°C. All subsequent operations were carried out in the cold. Lysozyme was added to a concentration of 100 pLg/ml, and after 2 min, an equal volume of Tris buffer-1 mM EDTA was slowly added, with stirring, over a 5-min period. The resulting spheroplasts were collected by centrifugation at 14,000 x g for 15 min and resuspended in 70 ml of Tris buffer-0.5 mM EDTA. The solution was passed through a French pressure cell at 10,000 lb/in2, made 1 M in NaCl, and passed through the pressure cell one more time. The 1 M NaCl was required to solubilize the TraC protein containing inclusion bodies. Cell debris and membrane were removed by centrifugation at 1,500 x g for 10 min followed by centrifugation at 100,000 x g for 3 h, and the resulting supernatant was brought to 30% saturation with ammonium sulfate. The precipitate was collected, dissolved in 2 ml of 10 mM Tris-HCl (pH 7.6)-0.5 mM EDTA, and dialyzed against the same buffer. The sample was applied to a 55-ml DE-52 cellulose column in 10 mM Tris-HCl, pH 7.6, and washed with 60 ml of the same buffer containing 100 mM NaCl, and the protein was eluted with 200 mM NaCl in the same buffer. Fractions containing the TraC protein were identified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with the Phast Gel System (Pharmacia) and dialyzed against 20 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid), pH 7.6. The TraC protein-containing sample was applied to a 1-ml MonoS column (5 by 50 mm) (Pharmacia) equilibrated with the same buffer. Protein elution was carried out by using a 25-ml gradient of 0 to 0.25 M NaCl in 20 mM HEPES, pH 7.6, with a flow rate of 0.5 ml/min. The TraC protein eluted at approximately 50 mM NaCl. The isolated TraC protein was analyzed for purity by SDS-PAGE (13) and N-terminal sequence analysis.
Antibodies to TraC were obtained by combining approximately 400 ,ug of TraC with an equal volume of complete Freund's adjuvant and injecting the mixture subcutaneously into a male New Zealand White rabbit. After 5 weeks, the animal was given a booster injection of approximately 200 ,ug of TraC in incomplete Freund's adjuvant, and serum was obtained 10 days later. Immunoglobulin G (IgG) was purified from serum by chromatography on protein A-Sepharose (Pharmacia) and stored in 0.1 M sodium phosphate buffer (pH 7.0)-0.15 M NaCl.
Cellular fractionations and TraC localization. Bacteria were grown to 2 x 108 cells per ml in 50 ml of TY medium, collected by centrifugation, and resuspended in 5 ml of Tris buffer-20% sucrose (wt/wt) at 0°C. The solution was made 100 pug/ml in lysozyme, and after 2 min an equal volume of Tris buffer-1 mM EDTA was slowly added, with stirring. The spheroplasts were pelleted, and 5 ml of the supernatant representing the periplasmic material was precipitated with 5% trichloroacetic acid. The spheroplasts were resuspended in Tris buffer-0.5 mM EDTA-10 pLg of RNase A per ml and broken by several passages through a 20-gauge, then a 25-gauge, and finally a 27-gauge needle. If the membranes were to be treated with a higher concentration of salt, it was added after the passage of membranes through the 20-gauge needle. After centrifugation at 1,500 x g for 10 min to remove unbroken cells and spheroplasts, the membranes were pelleted by centrifugation at 100,000 x g for 3 h. The supernatant represented the cytoplasm, and 5 ml was precipitated with 5% trichloroacetic acid. The membrane pellet and the trichloroacetic acid precipitates were resuspended in an appropriate amount of sample buffer (0.125 M Tris-HCl [pH 6.8], 2% SDS, 1% ,B-mercaptoethanol, 5% glycerol, 0.002% bromphenol blue).
Samples of the periplasmic, cytoplasmic, and membrane fractions representing material from the same number of initial bacteria were subjected to 9% SDS-PAGE, and the proteins were transferred to nitrocellulose for Western blot (immunoblot) analysis (26, 30) . Two sheets of nitrocellulose were used to ensure that all of the protein was trapped on the nitrocellulose. The blots were probed with anti-TraC or anti-alkaline phosphatase IgG and then with '25I-protein A. The amount of 25 I-protein A present in a specific spot was determined by cutting out the area and measuring the radioactivity by using scintillation spectrometry.
Visualization of inclusion bodies by electron microscopy.
Cultures of VL584 carrying pKAS2 were grown to 2 x 108 to 4 x 108 cells per ml in TY media at 32°C. The cultures were shifted to 42°C for 2 h to induce the expression of traC from the lambda pL promoter, and the cells were harvested from 25 ml of culture, washed twice with 25 ml of cold MTPA salts (27) , and resuspended in 10 ml of MTPA salts. Fixation was accomplished by the addition of 1 ml of 6% formaldehyde-10% glutaraldehyde in 50 mM sodium phosphate (pH 7.2)-0.15 M NaCl and incubation for 10 min at room temperature and then for 1 h on ice. The cells were then washed three times with 50 mM HEPES, pH 7.2 (HEPES), and resuspended in 2 ml of 1.5% OS04 in HEPES. After being incubated for 30 min on ice in the dark, the cells were washed three times with HEPES and then resuspended in 5 ml of 5% tannic acid in HEPES. The samples were again incubated for 1 h in the dark on ice. The pellets were washed three times with HEPES and finally stained with 2 ml of 0.5% uranyl acetate overnight at 4°C. Three washes with glass-distilled water were performed before the cells were dehydrated in ethanol and embedded in Epon. Thin sections of 50-nm thickness were examined with a JEOL-100C electron microscope at 80 kV.
RESULTS
Previous studies suggested that TraC was associated with the bacterial membrane (12, 16) . This suggestion was based on experiments which analyzed the location of the Tra proteins expressed in minicells from multicopy plasmids containing multigene segments of the tra region. However, analysis of the deduced amino acid sequence of TraC did not reveal any potential membrane-spanning domains (24) . In order to investigate the relationship between TraC and the bacterial membrane, the location of TraC was determined in F-bacteria containing pKAS2. The only tra gene carried by this plasmid is traC, which is under the control of the lambda PL promoter and the temperature-sensitive cI857 repressor.
When VL584 carrying pKAS2 is grown at 42°C for 2 h, TraC becomes a major cellular protein, easily detected by SDS-PAGE and Coomassie blue staining (Fig. 1A, lane 2) . Analysis of the membrane and cytoplasmic fractions of such induced bacteria showed that TraC partitioned between the cytoplasmic and membrane fractions (Fig. 1A, lanes 4 and  6) . The large amount of TraC in both locations suggested that overexpression of the protein might result in the formation of TraC aggregates or inclusion bodies that would sediment with the membrane fraction. Electron microscopic examination of these bacteria showed the appearance of large inclusion bodies after induction at 42°C for 2 h (Fig. 2 ; compare panels A and B).
TraC-alkaline phosphatase (AP) fusion proteins. Another approach to studying the topology of membrane proteins is to analyze the cellular location of fusion proteins made up of a set of amino-terminal portions of the protein in question fused to the enzymatic portion of alkaline phosphatase (17, 18) . The alkaline phosphatase moiety is a convenient marker for export to the periplasm, since it is enzymatically active only in the periplasm. The fusion of alkaline phosphatase downstream of membrane-spanning segments in periplasmic domains gives phosphatase activity. Such activity can be detected on agar plates containing XP, which produces a blue color upon cleavage of the phosphate moiety. This sensitive assay has been used to determine or to confirm the membrane topologies of a number of proteins (17) (18) (19) .
The traC-phoA fusions were generated by the random insertion of a TnphoA transposon into pKAS2 (17, 18) . By screening 3,200 colonies for those producing more antialkaline phosphatase-reactive material at 42 than at 32°C, 182 clones that potentially carried phoA downstream of the lambda PL promoter were identified. All of these were sequenced to determine the position of the traC-phoA fusion. A total of 65 traC-phoA fusions were recovered at 28 different sites throughout traC, as shown in Fig. 3 . The longest fusion protein, TraC-AP 172, represented 84% of TraC fused to alkaline phosphatase and contained the first 20 amino acids of TraC, as determined by automated Edman microsequencing (24) . All 65 traC-phoA clones gave white colonies when plated on XP plates at either 33 or 42°C, suggesting that none of these TraC-AP fusion proteins were able to span the inner membrane so that the alkaline phosphatase moiety was in the periplasm. During the construction of the traC-phoA fusions, a fusion with trbI, which is located immediately downstream of traC, was also obtained (Fig. 3, fusion 233 ). When (Fig. 4) . This is consistent with the above XP assay results indicating that the alkaline phosphatase moiety of this fusion protein is exposed to the periplasm. TraC-AP fusion proteins 222, 217, and 172, which contain between 50 and 84% of the TraC protein, fractionated predominantly with the cytoplasm. When the membrane fractions were further subjected to sucrose density gradient centrifugation analysis, any TraC-AP 172 or 217 fusion protein present was at a position expected for material as dense as or denser than the outer membrane, suggesting that these proteins might be present in small inclusion bodies (data not shown). Therefore, the portion of these TraC-AP fusion proteins which pelleted with the membrane fraction, as shown in Fig. 4 , did so because they were present in dense inclusion bodies.
Localization of intact TraC. The analysis of the various fusion proteins strongly indicates that TraC is not an integral membrane protein. Rather, TraC may be cytoplasmic or localized to the tip of the F pilus. The latter consideration results from the observation that the traC1044 mutation (Fig.  3) elicits no F pili but can form mating pairs and be infected by fl bacteriophage (23) . This suggests the possible presence of a pilus tip structure at the surface of the membrane in this mutant, possibly composed of the altered TraC protein. To determine the actual location of TraC, the protein was purified as described in Materials and Methods and used to generate antibodies in rabbits. As shown in Fig. 1B (Fig. 1B, lanes 3 and 7) , 223 (Fig. 1B,  lanes 4 and 8), 193 (Fig. 1B, lanes 5 and 9) , and 172 (Fig. 1B,  lanes 6 and 10) suggests that the main epitopes recognized by the TraC antibodies resided in the middle of the TraC protein (see Fig. 3 for positions of fusion proteins).
If TraC is at the tip of the pilus, it should play some role in allowing infection by the fl filamentous bacteriophage, which uses the tip of the F pilus as its receptor (2) . Treatment of K38 bacteria with TraC antibody or that of the bacteriophage with excess TraC should be able to block infection by the fl phage if TraC is the phage receptor at the tip of the pilus. Figure 5 shows that when TraC is the only Tra protein in the bacteria, as occurs in VL584/pKAS2, it fractionates primarily with the cytoplasm. However, when all of the other Tra proteins are present, as occurs in VL584/F', much of the TraC protein is found to be associated with the membrane fraction. When F' contains the traC1044 mutant protein, the mutant protein appears to fractionate with both the cytoplasm and the membrane. Figure 6 shows the results of a number of such fractionation experiments in which the amount of TraC associating with the membrane fraction was determined. The fractionation for each experiment was done in the absence and presence of 0.15 M KCI, the latter condition to better approximate the conditions within the cell. Under both salt conditions, the pattern of TraC localization was the same as that in Fig. 5 bacteria with 2 M NaBr released the membrane-associated TraC protein into the cytoplasmic fraction (Fig. 6) . The observation that the TraC1044 protein appeared to have a weaker association with the membrane (Fig. 6) (23) . However, other traC mutations are unable to form any type of recognizable pilus structure, as measured by the ability of the bacteria to be infected with fl bacteriophage, suggesting that wild-type TraC must also function in some way in the elaboration of a pilus structure. Since the data presented here suggest that TraC is not a part of the tip structure itself, its major role may be relegated to the correct assembly and perhaps disassembly of the pilus proteins into mature structures. Presumably, this is an energy-driven assembly, perhaps requiring the hydrolysis of a nucleoside triphosphate.
TraC may play a role in such an energy transfer, as it does contain a possible nucleoside-binding motif (1) , GTS GAGKT, starting at amino acid 486 (24) . At this time, there have been no careful studies to show that TraC itself has ATPase activity. Knowledge of this type, together with studies to elucidate which proteins of the assembly site interact with TraC, will lead to a better understanding of the mechanism of this complex assembly process.
